We present the results of our spectroscopic monitoring campaign of ζ Oph, carried out at the University observatory Jena with the spectrograph FLECHAS between July 2015 and September 2016. The main aim of the project is to determine the radial velocity of the star precisely, as a wide range of radial velocity measurements of ζ Oph are given in the literature. Beside the proper motion and parallax, the radial velocity is an important input parameter for the calculation of the space motion of the star. ζ Oph is considered to be a runaway star and potential former companion of the progenitor star of the pulsar PSR J1932+1059, which both may have been located in a binary system and were then released during a supernova explosion about 1 Myr ago in the Upper Scorpius OB association. For the calculation that the pulsar and ζ Oph could have been at the same place, a radial velocity of −9.0 km/s for ζ Oph was used in the literature. By analysing the hydrogen and helium lines in 48 FLECHAS spectra, we determined the radial velocity of ζ Oph to be 12.2 ± 3.3 km/s and the projected rotational velocity to 432 ± 16 km/s with no indication for variability.
Introduction
For a sample of a few nearby neutron stars and a few OBtype runaway stars, whose proper motion and parallax as well as the radial velocity (RV) were well known, Hoogerwerf et al. (2000 Hoogerwerf et al. ( , 2001 calculated their flight paths backwards in time to find cases where a runaway star and a neutron star could have been at the same place at the same time. This is possible because the proper motion of runaway stars, which is high compared to the velocity of the surrounding interstellar medium, often points exactly away from the star association from where they were ejected, either by a close encounter between two binary systems or a supernova explosion. The aforementioned cases would be evidence for a supernova in a binary, which formed a neutron star and released the former companion of the supernova progenitor star to become a runaway star. Since RVs of neutron stars are unknown in most cases (except, e.g. when the inclination of a bow shock is known, see e.g. Tetzlaff et al. 2011) , the result is probabilistic and true only for a certain RV of the neutron star (see Hoogerwerf et al. 2000 Hoogerwerf et al. , 2001 for further details). The only case, where a runaway star and a neutron star could have been connected was ζ Oph (alias 13 Oph, HD 149757, or HIP 81377), with a distance of 112±3 pc (π = 8.91±0.20 mas, van Leeuwen 2007), the closest known O-type star, and the pulsar PSR J1932+1059, which may have been released in a supernova about 1 Myr ago in the Upper Scorpius OB association, as described Based on observations obtained with telescopes of the University Observatory Jena, which is operated by the Astrophysical Institute of the Friedrich-Schiller University.
Corresponding author: e-mail: tamara.zehe@uni-jena.de by Hoogerwerf et al. (2000 Hoogerwerf et al. ( , 2001 . This worked well only when increasing the error bars for the measured (input) data, as they were known at that time (2000) to 10 σ (see also Tetzlaff et al. 2011 ). Later-on, when more precise values for proper motion and parallax of the pulsar became known, including smaller error bars, it did not work well anymore (Bobylev 2008; Tetzlaff et al. 2010; Kirsten et al. 2015) . In this context it is important to mention that a wide range of RVs (from −35 km/s to +30 km/s, as summarized in Tab. 1) have been published for ζ Oph in the literature. That includes individual RV measurements, but also average RVs derived from different sets of RV measurements, compiled by the authors. Hoogerwerf et al. (2000 Hoogerwerf et al. ( , 2001 and Tetzlaff et al. (2010 Tetzlaff et al. ( , 2011 all used a RV of −9.0±5.5 km/s for their analysis of ζ Oph.
As ζ Oph, which exhibits an apparent magnitude of V = 2.54 mag (Perryman et al. 1997 ) and a spectral type of O9.5V (Ebbets 1981 & Marcolino et al. 2009 ) 1 , is too bright for the GAIA satellite 2 for normal data reduction, we started a spectroscopic monitoring campaign of the star to redetermine and constrain its RV. Once an accurate RV and later on possibly also GAIA data are available for ζ Oph, the origin of ζ Oph and the pulsar PSR J1932+1059 can be reinvestigated. Even if the pulsar progenitor star is not the former companion of ζ Oph, it is possible that the pulsar and/or ζ Oph originated from the Upper Scorpius OB association. In this paper we present the results of our spectroscopic monitoring campaign of ζ Oph, carried out at the University Observatory Jena. In section 2 we describe in detail the observations, followed by the data reduction and analysis in section 3. We summarise and discuss the results obtained in the course of our observing project in the last section of this paper.
Observations
We initiated our spectroscopic monitoring campaign of ζ Oph in July 2015, utilizing the fibre-linkedÉchelle spectrograph FLECHAS (Mugrauer et al. 2014 ), which has a resolving power of R ≈ 9300 and is operated at the Nasmyth focus of the 90 cm telescope of the University Observatory Jena, which is located close to the small village Großschwabhausen, west of the city of Jena (Pfau 1984) . The observatory was established at the Friedrich-Schiller University in 1962 and is utilized since that time for astronomical observations during all clear nights. In the course of our observing project, 48 spectroscopic observations of ζ Oph were taken in 46 nights between July 2015 and September 2016. For all observing nights, spectra of the star were obtained with FLECHAS at the lowest possible air-Tab. 2 Reference wavelengths of neutral and ionized helium and hydrogen lines (used in this spectroscopic study), sorted by wavelength, with their equivalent width (W λ ), as detected in the FLECHAS spectra of ζ Oph. masses, ranging between 2.1 and 2.9. The minimal possible airmass for ζ Oph at the location of the University Observatory Jena is X = 2.1.
In each observing epoch three spectra with an individual integration time of 150 s were taken of ζ Oph, in order to achieve a sufficiently high S/N ratio and to optimally remove cosmics detected in the individual spectra. Using this observing setup, spectra with S/N ratios in the range of 297 to 719 (S/N ∼ 537 at λ = 5836Å, on average) were taken with FLECHAS. Right before the spectroscopy of the star, for calibration purposes, always three well-exposed flat-field frames of a tungsten lamp were taken, as well as three spectra of a ThAr-lamp (with more than 700 lines detected) for the wavelength calibration, each with an integration time of 5 s. In addition, for the dark current and bias subtraction, three dark frames with integration times of 5 and 150 s were taken in each observing night during evening or morning twilight, respectively.
Data Reduction and Analysis
The reduction of the obtained spectroscopic data was performed with a software pipeline that was developed at the Astrophysical Institute Jena and is optimized for the reduction of data taken with FLECHAS. The pipeline is based on IRAF (Tody 1986), ESO-MIDAS (Banse et al. 1983 ) and ESO-ECLIPSE (Devillard 2001) commands and performs the dark subtraction and flat-fielding of all spectroscopic data, as well as the extraction, wavelength calibration and averaging, including removal of cosmics, of all individual spectral orders (Mugrauer et al. 2014 ). Fig. 1 shows exemplary the normalized and ordercombined version of a fully reduced FLECHAS spectrum of ζ Oph with the most prominent absorption lines indicated, among them the hydrogen and helium lines, whose reference wavelengths are also listed in Tab. 2.
Alongside three Balmer lines (H α , H β and H γ ), 10 absorption lines of neutral and singly ionized helium are detected in the wavelength range covered by FLECHAS. Among these lines, the He I(4541) line was not analysed due to its intrinsic weakness (equivalent width of only 0.19Å in average). In addition the H α line at λ = 6562.81Å and the He I line at λ = 5875.62Å were also not analysed owing to telluric-line contamination. All spectral lines are significantly broadened, and most of them exhibit narrow emission and absorption peaks in their line profiles, which vary in strength and wavelength over time. These well-known line profile variations in the spectrum of ζ Oph (Walker et al. 1979 ) are most probably caused by temperature variations in the stellar photosphere, induced by its nonradial pulsation. For the analysis of the individual spectral lines standard IRAF routines were used. Owing to the strong broadening of the individual spectral lines, their centroid wavelengths λ cen were determined by integrating the detected flux-levels F λ over the whole line profiles:
The centroid wavelength of a spectral line together with its reference wavelength λ 0 yields the corresponding RV of the star and can be calculated via
were c is the speed of light and BC the barycentric correction, which rectifies for the RV offset between the observing site and the barycenter of the solar system at the observing epoch. The RVs obtained from the analysis of the individual spectral lines are summarized for all observing epochs in Tab. 3, which also lists the average RVs and standard deviations for all lines. The RV standard deviations for all spectral lines are comparable to the typical uncertainties of their RV measurements, taken at all observing epochs.
In addition to the centroid wavelengths we also measured the widths of the spectral lines in all FLECHAS spectra of ζ Oph by determining the wavelengths at which the line profiles start to breach out of the noise floor at the continuum flux level. The measured line-width LW of a spectral line yields the projected rotational velocity vsin(i) of the star:
assuming only rotation as the main line broadening mechanism. The resulting average LWs and estimates of the rotational velocities of ζ Oph for all observing epochs obtained from the analysed spectral lines are summarized in Tab. 4, together with their uncertainties.
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Tab. 3 Radial velocities of ζ Oph for all observing epochs obtained from the analysed hydrogen and helium lines in the FLECHAS spectra of the star. We have listed the modified barycentric Julian date (BJD − 2450000) of the individual observing epochs, the airmass (X), and the S/N -ratio (at λ = 5836Å) of the spectra, as well as the determined radial velocities 3 of all lines in km/s. The average (<x>) and standard deviation (∆x) of all quantities are listed in the last two rows of the 
Results and Discussion
In the course of our spectroscopic monitoring campaign of ζ Oph between July 2015 and September 2016, wellexposed spectroscopic data (S/N ∼ 537, on average) were collected with FLECHAS in 48 observing epochs. While Cazorla et al. (2017) , Mason et al. (2009), and Bobylev et al. (2006) classify ζ Oph as a single star, Chini et al. (2012) report the star to be a double-lined (SB2) spectroscopic binary. However, as it is illustrated in Fig. 2 our spectroscopic data of the star does not show any evidence for binarity. Other than the known line profile variations of the star in particular no line splitting, which is expected for a SB2 binary, was detected throughout our observing campaign of ζ Oph.
We used the widths and centroid wavelengths of 10 hydrogen and helium lines, all well detected in the FLECHAS spectra between 4300 and 6700Å, to derive the projected rotational velocity and the RV of the star. The average projected rotational velocities vsin(i) of the star with their uncertainties, calculated from the widths of the analysed spectral lines, are illustrated in Fig. 3 . The hydrogen lines cannot be used for the determination of the rotational velocity because beside rotation broadening, these lines are also significantly Doppler-broadened. The projected rotational velocities, obtained from the widths of the helium lines all range between 400 and 490 km/s. The break-up or critical rotational velocity of a star depends on its mass M and radius R:
with the gravitational constant G = 6.67·10 −11 m 3 kg −1 s −2 and with M = 13 +10 −6 M , R = 9.2 +1.7 −1.4 R , as estimated by Marcolino et al. (2009) for ζ Oph we expect a break-up velocity of about v crit = 519 +248 −168 km/s. In addition, we estimated the uncertainty of v crit that originates from the different spectral types and luminosity classes of ζ Oph given in the literature, using the typical stellar properties of late Oand early B-type dwarfs and giants, taken from Cox (2000) . We obtain v crit in the range between ∼ 700 km/s for dwarfs and ∼ 500 km/s for giants, which correspond well with the uncertainty of v crit derived above.
The projected rotational velocities derived from the widths of the He I and He II lines are all consistent with each other within their uncertainties; hence the weighted average of the projected rotational velocities is vsin(i) = 432 ± 16 km/s. Therefore the star rotates near its break-up velocity and the minimal possible inclination of the stellar rotation axis is i = 56 • (respectively as low as i = 34 • considering the 1σ uncertainty of v crit ). The obtained value of vsin(i) is in good agreement with those obtained by others earlier, for example, 420 ± 8 km/s by Harmanec (1989) , ∼ 415 km/s by Walker (1991) , or 400 ± 20 km/s by Reid et al. (1993) , while it deviates at the 2σ level from vsin(i) values reported by Cazorla et al. (2017) In addition to their use for the determination of the rotational velocity of ζ Oph the hydrogen and helium lines were also used to derive the RV of the star. As illustrated in Fig. 4 with the He II(4686) and He I(4921) line no significant trends or variations are present in the RVs obtained from the analysis of the individual spectral lines throughout our spectroscopic monitoring campaign of the star. However, the RVs exhibit standard deviations of up to 17.2 km/s, which is quite comparable to the typical uncertainties of the RV measurements obtained for the different spectral lines in all observing epochs. Furthermore, the standard deviation of all obtained RV measurements is 19.9 km/s, which is in the same order of magnitude as that of the published RVs of ζ Oph (15 km/s), that is, the wide scatter of RV measurements found for the star in the literature could well be attributed to the RV fluctuations induced by the intrinsic width of the spectral lines of the star and/or their known profile variations.
In Fig. 5 the RVs of the individual H and He lines are shown, together with their uncertainties. It is noticeable that the radial velocities of He I(4387) and He I(4471) deviate from the other determined RVs. However, this deviation is not due to the wavelength calibration of the instrument, which shows in all spectra over the whole covered spectral range a root mean square of only 20 mÅ (1.4 km/s of absolute RV precision). In addition, the long-term RV stability of the instrument had already been established earlier, for example, by Irrgang et al. (2016) and recently by Bischoff et al. (2017) . The average RV of all lines is 12 km/s and the RVs of most of the helium lines agree well within their uncertainties with the average RV value, that is, they show deviations from the average RV of less than 1σ, which is consistent with Gaussian noise. In contrast, the RVs of the H lines (H β and H γ ) as well as the He I(4387) and He I(4471) line deviate from the average RV by more than 1.7σ, which is unexpected for the given number of RV measurements, assuming Gaussian noise only. For the RV determination, we therefore exclude these lines and obtain a weighted average of 12.2 ± 3.3 km/s for the RV of ζ Oph. This result is in good agreement with some RV determinations obtained earlier in other spectroscopic monitoring campaigns of the star, for example, 15 ± 4 km/s by Reid et al. (1993) , or 11 ± 3 km/s by Ebbets (1981) . Some of the negative RV values in the literature might have been obtained from the interstellar sodium lines (Na D1 line at λ = 5895.94Å and the Na D2 line at λ = 5889.97Å ) as we obtain RV = −17.0 ± 3.1 km/s for those.
With one of the previously published radial velocities of ζ Oph (−9.0 ± 5.5 km/s, possibly coming from the interstellar Na lines), it was suggested that this star and the pulsar PSR J1932+1059 were located (about 1 Myr ago) at the same time and the same place inside the Upper Scorpius OB association, which would work for a certain radial velocity of the pulsar that is otherwise unknown. With Tetzlaff et al. (2010 Tetzlaff et al. ( , 2011 and Kirsten et al. (2015) doubting the common origin of these two stars, and with the positive radial velocity of ζ Oph, it is even more clear that it is not a former companion of the PSR J1932+1059 progenitor released by its supernova. Their origins are unclear.
